Strong sporulation medium. The mean numbers of heat-resistant spores detected after 24 h at 370C were logio 1.13 
perfringens NCTC 8239. With an inoculum of 106 cells per g, >logio 7 .99 vegetative cells per g were detected by 4 h in chicken at 370C. Heat-resistant spores occurred by 4 and 6 h and enterotoxin occurred by 8 and 6 h in autoclaved chicken dark meat and barbecued chicken drumsticks, respectively. Enterotoxin was detected in autoclaved dark meat after incubation at 450C for 1.5 h followed by 370C for 4.5 h, but not after incubation at 450C for 1.5 to 8 h. With an inoculum of 102 cells per g in oven-cooked or autoclaved chicken, >logio 8 .00 vegetative cells per g were detected by 6 to 8 h at 370C, heat-resistant spores were detected by 8 h, and enterotoxin was detected by 12 h. A statistical analysis of odor determinations of chicken after growth of C. perfringens indicated that, at the 95% confidence level, the product was considered spoiled (off or unwholesome odor) by the time spores or enterotoxin were formed.
Clostridium perfringens type A is the causative agent of a large number of food-poisoning outbreaks primarily involving meat and meat products, although other foods are occasionally implicated (1, 4, 10) . The foods involved in these outbreaks are generally thought to contain high numbers of vegetative cells, some of which survive passage through the stomach and sporulate in the intestine, where the enterotoxin responsible for the food-poisoning symptoms is synthesized and released during sporulation (7, 9) .
Although C. perfringens sporulates poorly in some foods (16) , it can form large numbers of spores in some meat products (2, 3, 18, 19) . Because enterotoxin formation is associated with sporulation, the possibility that C. perfringens enterotoxin is formed in certain foods before consumption must be considered.
According to Hauschild and Hilsheimer (15) , organoleptically acceptable food is likely to contain only vegetative cells of C. perfringens. Spores and enterotoxin have been found in barbecued chicken after 24 h, but the product was no longer palatable (14) . From the results obtained with oral administration to monkeys of C. perfringens cells or enterotoxin, Uemura et al. (27) concluded that preformed enterotoxin in foods plays little or no role in development of symptoms. Naik and Duncan (19) reported that enterotoxin could be formed during the sporulation of a strain of C. perfringens in a number of meat products and detected enterotoxin in a food involved in a food-borne outbreak. They proposed that the appearance of symptoms earlier than those typical of C. perfringens foodpoisoning cases could be caused by the ingestion of foods containing cells undergoing sporulation or containing preformed toxin.
We investigated further the possibility that preforned enterotoxin of C. perfringens is involved in outbreaks of food poisoning by determining the potentials of a number of strains to form enterotoxin in a food and by evaluating the organoleptic qualtities during growth, sporulation, and enterotoxin release. Cooked chicken dark meat was chosen because C. perfringens can forn high numbers of spores in this substrate (2, 18) .
MATERIALS AND METHODS Preparation of liquid media. Ten milliliters of Duncan-Strong (DS) sporulation medium without activated carbon (6) or thioglycolate medium without indicator (Difco) was dispensed into screw cap tubes (16 by 150 mm) and autoclaved at 121°C for 15 min. The tubes of media were boiled for 10 min and rapidly cooled before inoculation.
Preparation of chicken samples. Chicken broiler thighs and drumsticks purchased from a local processing plant were stored at -34°C until use. After thawing, the muscle was removed and ground with a meat grinder (Sears 400.8260). Fifty-gram samples were weighed into 100-ml beakers and covered with double layers of aluminum foil. Ground chicken samples were autoclaved at 1210C for 15 Chicken samples inoculated with vegetative cells were incubated at 37°C for up to 24 h, 45°C for up to 8 h, or 45°C for 1.5 h followed by 37°C for up to 6.5 h. After the appropriate incubation period, each meat sample was placed in a sterile polyethylene bag with sterile distilled water to give a 1:1 (wt/vol) slurry and macerated for 1 min with a Colworth Stomacher 400. Barbecued chicken samples were hand deboned before maceration. A 5-ml portion of each DS culture or chicken slurry was heated at 75°C for 20 min to kill vegetative cells and activate heat-resistant spores. Vegetative cell counts were determined from unheated portions. From serial dilutions in peptone water, pour plates of Shahidi-Ferguson perfringens (SFP) agar base (Difco) were prepared. C. perfringens colonyforming units were counted on plates that were incubated for 18 to 24 h in an anaerobic environment provided by GasPak hydrogen-carbon dioxide generator envelopes and a catalyst (BBL). For oven-cooked chicken samples, representative black colonies were picked and confirmed as C. perfringens according to the method of Harmon (13) .
Enterotoxin determination. For those strains (NCTC strains 8239, 8679, and 8798 and strain R42) with <90% free spores in DS medium, intact sporangia were ruptured by sonic disruption at 40 to 50 W. Cultures of all strains were centrifuged at 15,000 x g at 4°C for 15 min, and the supematants were analyzed for enterotoxin.
Chicken slurries were centrifuged at 16,300 x g for 30 min. The supernatant was filtered through a double layer of cheesecloth followed by prefiltration through thick glass fiber filters and filtration through glassfiber filters (Gelman type A/E). Thirty-milliliter portions of filtered chicken extract or of DS culture supernatant were concentrated 15-fold in dialysis tubing with polyethylene glycol 20,000 overnight at 4°C. Concentrated samples were frozen until analyzed.
Enterotoxin quantities were determined at room temperature by the counterimmunoelectrophoresis procedure of Naik and Duncan (20) . Antienterotoxin was diluted 1:3 with saline for use. For maximum resolution of the precipitin band, agarose slides were allowed to develop overnight at 4°C in a humidity chamber and stained with 2% tannic acid for 5 min.
Odor determination for chicken samples. Inoculated chicken samples were analyzed for odors immediately after a given incubation period and compared with cooked or autoclaved control samples incubated under the same conditions. The odor of each sample was determined independently by each of three trained judges, and scores of 1 for wholesome, 2 for off-odor, and 3 for unwholesome were assigned. Twelve responses were recorded for each treatment (two samples, two trials, three judges). Data were subjected to analysis of variance to determine significance.
RESULTS
Enterotoxin synthesis in DS sporulation medium. Before investigating the potential of the experimental strains of C. perfringens to form spores and preformed enterotoxin in the model meat system, these properties were determined for each strain in DS medium, which is VOL. 41, 1981 on June 29, 2017 by guest http://aem.asm.org/ Downloaded from frequently used for this purpose. Of the 17 strains tested, the mean number of heat-resistant spores after 24 h at 37°C ranged from logio 1.13 to log1o 7.64/ml in DS medium with a single heat shock procedure for inoculum preparation (Table 1) .
Enterotoxin was detected in DS supernatant for 7 of the 17 strains. Sporulation is necessary for enterotoxin production, but good sporulation is often observed in enterotoxin-negative strains (9) . All of the strains that failed to produce detectable enterotoxin in this study have been implicated in food-poisoning outbreaks, and some were observed to form high numbers of spores. The failure to detect enterotoxin in cultures of these strains could be explained by (i) isolation of a strain that was not the causative agent in the outbreak, (ii) loss of the ability to produce enterotoxin on repeated subculture (7, 11) , (iii) failure of DS medium to support synthesis of enterotoxin, or (iv) our inability to detect low concentrations of enterotoxin by the experimental methods used.
Uemura (26) demonstrated that enterotoxin synthesis was enhanced in two of five C. perfringens strains by subjecting the strains to a triple (rather than single) heat treatment during prep- Those strains that produced enterotoxin in DS medium also formed enterotoxin in chicken in mean quantities of 1.7 to 24 ,ug/g. Strain H6, which did not form detectable toxin in DS, produced 0.21 ,ug of enterotoxin per g in chicken.
Enterotoxin release time in chicken dark meat. For more detailed studies of C. perfringens sporulation and enterotoxin formation in chicken, NCTC 8239 was chosen because it produced high levels of enterotoxin in DS medium and chicken. With an inoculum of 106 vegetative cells per g, the vegetative cell count reached mean logio 8.58/g after 4 h at 37°C, and counts remained constant through 12 h of incubation (Table 2) . A few heat-resistant spores (log1o 1.28/ g) were first detected at 4 h, and the number continued to increase to logio 6.36/g at 12 h. Enterotoxin (0.30 ,ug/g) was first detected at 8 h, and quantities increased to 2.3 ,ug/g at 12 h.
Because meat products usually contain only low numbers of C. perfringens cells initially, the growth, sporulation, and enterotoxin fornation of this species were determined in chicken inoculated with low numbers of cells. With 102 vegetative cells per g in autoclaved or ovencooked chicken meat, vegetative cell counts reached >logio 8.00/g by 6 to 8 h and were constant through 14 h of incubation (Table 3) . Heat-resistant spores were first detected after 8 a Each value is the mean of two trials, two samples per trial.
b The lower limit of detection with our experimental methods was 0.17 ,ug/ml or g. (Table  3 ). An incubation period of 8 h was required for detection of enterotoxin in samples inoculated with 106 cells per g ( Table 2 ). Mean enterotoxin levels after 12 and 14 h of incubation were approximately 10-fold higher in autoclaved meat than in oven-cooked meat ( (Table 4) were similar to those detected in the autoclaved product (Table  2) .
Growth, sporulation, and enterotoxin formation in chicken dark meat at 450C. Growth of many strains of C. perfringens is very rapid at or near 450C (12, 30), but sporulation and enterotoxin formation are limited near this temperature (3, 17) . In this study, the number of vegetative cells increased from logio 6.00 to logio 8.27/g after 1.5 h at 450C, but low spore numbers and no enterotoxin were detected after 8 h (Table 5) .
With preincubation at 450C for 1.5 h followed by incubation at 370C, enterotoxin was forned after a total incubation of 6 h (Table 5) as compared with detection after 8 h in product incubated at 370C only (Table 2 ). Preincubation at 450C for longer than 1.5 h resulted in the formation of fewer spores at subsequent 370C incubation. A similar temperature profile could occur in a meat product that is cooked or warmed with the cooling food passing through a temperature range (40 to 4900) that would allow rapid vegetative cell growth (30) before cooling to a temperature around 370C that would be optimum for sporulation and enterotoxin synthesis (17) .
Organoleptic quality of chicken after growth of C. perfringens. Odors were determined for inoculated and control chicken samples after incubation and evaluated as wholesome, off-odor, or unwholesome. All chicken samples in which heat-resistant spores were formed or that contained enterotoxin were judged as spoiled (having an off or unwholesome odor) as compared with uninoculated controls incubated at the same temperature-time combination (Tables 2 through 5 ). Differences were significant at the 95% confidence level. The only inoculated samples that were considered wholesome were oven-cooked or autoclaved dark meat inoculated with 102 cells per g and held for 4 h at 370C ( Ingestion of a food containing preformed enterotoxin could result in more severe symptoms, such as headache and vomiting, than those usually associated with C. perfringens outbreaks, e.g., diarrhea and abdominal pain, if the enterotoxin survived passage through the stomach. Vomiting has been observed in humans and animals after oral administration of enterotoxin (8, 22, 23, 27 h. Such quantities, when calculated as the total enterotoxin contained in chicken portions (200 g) that may be consumed with a meal, could be expected to produce symptoms of food poisoning if sufficient quantities survive passage through the stomach. With oral administration, symptoms have been observed in monkeys after a total dose of 5 mg of enterotoxin (27) and in humans after a dose of at least 8 mg (22) .
In this study, the times for appearance of enterotoxin in chicken were 6 to 8 and 2 to 4 h earlier than those previously reported for chicken and turkey, respectively, using the same strain and a similar inoculum (19) . Quantities of enterotoxin detected in this study were much higher, e.g., 2.27 ,ug/g at 12 h and 24.48 ,ug/g at 24 h for chicken, compared with the finding of Naik and Duncan (19) of 0.064 ,tg/g for chicken at 20 h. The authors did not mention a heat shock treatment, which we used, for preparation of the inoculum. Enterotoxin production is enhanced by heat treatment ofthe inoculum before incubation in the sporulation medium (21, (24) (25) (26) , with an increased enterotoxin yield of 256-fold for some strains (28) .
Other studies do not support the contention that some C. perfringens outbreaks could be classified as intradietetic. Based on results from oral feeding of purified enterotoxin to monkeys, Uemura et al. (27) (14) . However, optimum sporulation has been reported to occur at 370c rather than at 20 to 300C or at 460C, and toxin may be formed in low quantities or not at all at these latter temperatures (17) .
Sporulation has been reported in meat products (2, 3, 18, 19) , but no information was provided about organoleptic properties. In this study, under various time-temperature conditions, samples were judged spoiled (off or unwholesome odor) as compared with controls by the time heat-resistant spores and before preformed enterotoxin could be detected.
Thus, by the time spores or enterotoxin are formed in cooked chicken, the product would no longer be palatable and would not be eaten. These results cannot completely eliminate the possibility that other foods containing preformed enterotoxin could be consumed and result in an outbreak of food poisoning. The judges in this study were alert to differences in samples and probably were able to detect slight odor changes. Enterotoxin could possibly be produced in other foods without early formation of odors, or odors could be masked by food ingredients or through mixing with other foods. In this study, odors were determined within 30 min of removal from the incubator, and no attempts were made to determine odors after prolonged incubation at room or refrigeration temperatures.
